Living kidney donation is safe and established, but can lead to long-term complications such as chronic fatigue. Since the adrenal vein is usually transected during left-sided donor nephrectomy-which is not necessary on the right-we hypothesized that venous congestion might lead to an impairment of adrenal function, offering a possible explanation. In this prospective open label, monocentric cohort study, adrenal function was compared in left-and right-sided living kidney donors. The primary endpoint was plasma cortisol response to low-dose adrenocorticotropic hormone (ACTH) stimulation. Secondary endpoints included plasma renin and ACTH concentration as well as adrenal volume in response to donor nephrectomy. A total of 30 healthy donors-20 left-and 10 right-sided donations-were included. On postoperative day 1, response to low-dose ACTH stimulation was intact, but significantly lower after left-sided donor nephrectomy. After 28 days, adrenal responsiveness to ACTH stimulation did not differ any longer. Magnetic resonance imaging volumetry showed no significant adrenal volume change over 4 weeks, neither after leftnor after right-sided nephrectomy. In conclusion, leftsided living kidney donation entails a transiently reduced adrenocortical responsiveness, which returns to baseline after 28 days.
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Introduction
Kidney transplantation from living donors is an established approach to address the shortage of suitable organs and is associated with superior graft outcomes in recipients. While kidney donation is a safe procedure when performed in highly screened healthy individuals, there are important long-term effects to consider (1) .
One of the most important factors is health-related quality of life (QoL) postdonation. In general, QoL is very good in donors both after open as well as minimally invasive (laparoscopic) donor nephrectomy (2) . Several studies have shown QoL to be as good as or even better than the general population in mid-and long-term followup (3) (4) (5) . There is, however, a subset of donors who report complications of donation, especially chronic fatigue (3,6). As we also saw isolated cases of donors who experienced fatigue after donation, we considered whether there could be an endocrinological explanation.
Such an endocrinological explanation could relate to the vascular anatomy of the kidneys and adrenal glands. Both kidneys are equally suitable for donation, but the left kidney is normally preferred due to more favorable anatomy: it is more accessible and has longer vessels, rendering the subsequent transplantation technically less challenging. The adrenal glands are supplied by multiple small arteries, but usually drain through one principal adrenal vein (7) . While the right-sided adrenal vein drains directly into the inferior vena cava, the left-sided adrenal vein drains into the left renal vein and variants are rare (7, 8) . Since the adrenal vein is usually transected during left-sided donor nephrectomy-which is not necessary on the right side-we hypothesized that venous congestion could lead to an impairment of adrenal function. There is also more manipulation of the left adrenal gland during surgery, which could contribute to injury. Since low levels of serum cortisol have been found in patients with chronic fatigue (9), we decided as a first step to compare adrenal function and volume in living kidney donors in response to left-or right-sided nephrectomy.
In living donation donor safety comes first, so the kidney with better function should be left with the donor, while transplant surgeons prefer to recover the left kidney for the reasons described above-if function is equal. We therefore decided that a randomized controlled trial was not ethically possible.
Methods

Study protocol
The study was designed as a prospective open label, monocentric, noninterventional cohort study. Starting in January 2006, all eligible living donors were considered for participation in the study unless exclusion criteria were present: active corticoid medication, known adrenal disease such as hypercortisolism, hyperaldosteronism or adrenal insufficiency, or the presence of metallic implants precluding magnetic resonance imaging (MRI) investigation. All living kidney donor candidates underwent a standard somatic and psychological eligibility testing during a brief hospitalization in accordance with the Swiss Transplantation Act and the guidelines of the Swiss Academy of Medical Sciences. Regardless of the donation side, laparoscopic hand-assisted donor nephrectomy was performed as previously described (2, 10) . An overview of the study protocol is shown in Figure 1 .
Baseline values of plasma renin concentration, serum aldosterone, plasma adrenocorticotropic hormone (ACTH), serum cortisol response to ACTH stimulation, and MRI volumetry of the adrenal glands were determined within the donor evaluation. Salivary cortisol was determined the day before the operation. Renin, aldosterone, ACTH, and cortisol response to ACTH 1-24 stimulation were repeated on postoperative day 1, while salivary cortisol was measured again on postoperative day 2. MRI volumetry was repeated on day 4. Final measurements were made around the ambulatory check-up 4 weeks after donation: salivary cortisol on day 27 (at home) and cortisol response to ACTH 1-24 stimulation as well as MRI volumetry on day 28. The study was approved by the Cantonal Ethics Commission of the Canton Zurich and registered on ClinicalTrials.gov (NCT00251836). All included donors gave informed consent to participate.
Sample handling
All blood samples were drawn at 8 AM unless stated otherwise. Serum samples were used for cortisol and aldosterone. Plasma samples were used for ACTH (chilled in ice water) and renin concentration. Low-dose ACTH 1-24 stimulation test was conducted by drawing blood at 8 AM, then injecting 1 lg of Synacthen intravenously (Mallinckrodt Specialty Pharmaceuticals, Dublin, Ireland) and drawing further blood samples after 30, 60, and 90 min. Salivary samples were collected at 7 AM, 9 AM, 11 AM, and 1 PM with oral swabs (Salivette; Sarstedt, N€ umbrecht, Germany) and centrifuged. All serum, plasma, and saliva samples were stored at À80°C until analysis.
Hormone assays
ACTH, cortisol, aldosterone, and active renin concentrations were measured using automated chemiluminescence immunoassays (Liaison, Diasorin, Italy). The ACTH assay is based on N-and C-terminal monoclonal antibodies. In our hands, limit of quantification (LoQ) was 5 pg/mL, within-assay coefficients of variability (CV) were 6.7% at 5.8 pg/mL and 1.2% at 355.4 pg/mL, and between-assay CVs were 12.7% at 13.9 pg/mL and 9.4% at 354.7 pg/mL. For the cortisol assay, we found the LoQ at 0.2 lg/dL. At 15.2 nmol/L (0.55 lg/dL) and 123.3 nmol/L (4.47 lg/dL), within-assay CV was 2.2% and 3.9%, and between-assay CV 9.8% and 9.6%, respectively. According to the manufacturer, cross-reactivity is highest for prednisolone (12.6%), 21-desoxycortisol (13.0%), and corticosterone (3.5%) and negligible for other structurally related steroids. The assays for plasma aldosterone and renin concentrations have within-assay CVs of <6.0% and <7.0% and between-assay CVs of <15.0% and <12.7%, respectively. The LoQ is 30 pg/mL for the aldosterone and 2 mU/L for the active renin concentration assay.
Salivary cortisol concentrations were determined using a competitive chemiluminescence-immunoassay (Cortisol LIA; IBL, Hamburg, Germany). In brief, 20 lL of standards or samples and a cortisolhorseradish peroxidase conjugate were pipetted to each well on microtiter plates coated with a specific rabbit-anti-cortisol antiserum. After incubation for 3 h at room temperature, plates were washed and substrate solution (luminol) was added. The chemiluminescence signal intensity, which is inversely correlated to the concentration of cortisol in a sample, was measured using a luminometer (Victor3; Perkin Elmer, Monza, Italy). In our hands, the lower detection limit of this assay is 0.1 ng/mL (0.28 nmol/L), intra-and interassay CVs are below 6% and 9%, at concentrations of 0.4 and 5.0 ng/mL, respectively. The antiserum exhibits cross-reactivity to prednisolone (57%) and 11-desoxy-cortisol (12%). Cross-reactivity to other endogenous or exogenous steroids tested was negligible. All samples were analyzed in duplicate, and all samples from this study were analyzed in one run using one batch of assay reagents.
MR imaging
All individuals underwent MRI of the adrenals using a 1.5-Tesla scanner (Signa EchoSpeed EXCITE HD; GE Healthcare, Milwaukee, WI). For signal reception in all examinations, an eight-channel anteroposterior phased-array surface coil (torso array coil) was placed around the patient and covered the entire upper abdomen. The imaging protocol included Figure 1 : Overview of the study protocol. ACTH, adrenocorticotropin hormone; MRI, magnetic resonance imaging.
unenhanced sequences only. In order to get an overview of the extent of the position of both adrenals, a single shot fast spin echo (SSFSE) sequence was acquired in breathhold technique. The MRI parameters of this sequence were as follows: repetition time ms/echo time ms 1349/ 90.1; field of view, 48 9 48 cm; acquisition matrix, 384 9 224; section thickness, 4 mm; no interslice gap. Based on this coronal sequence, the transaxial sequence was planned. The transaxial sequence consisted of breathhold T1-weighted fast spoiled gradient echo (FSPGR) sequences (TR/TE = 85/1.4 ms) with a slice thickness of 3 mm. Other parameters of the T1-weighted GRE sequences were field of view, 48 9 48 cm; matrix, 256 9 160; no interslice gap.
MR volumetry
One observer performed a manual segmentation of both adrenals for each patient. To prevent bias, the observer was blinded to all clinical and radiological data. The measurements were performed in random order. Randomization was performed with regard to patients and the different time points when imaging was obtained. Manual segmentation was performed electronically on an interactive workstation (Advantage Windows Workstation; GE Healthcare Europe, Buc, France). Each adrenal gland was assessed separately. On each section, the outlines of the adrenals were manually drawn by using the computer mouse. The volume corresponding to each outline was obtained by multiplying the area of the outline by the section thickness. The total volume of the adrenal segments was obtained by totaling the volume of each section. The manufacturer's software automatically calculated the total volume after drawing the outlines of the adrenals on all sections.
Statistical analysis
The primary endpoint was plasma cortisol response to low-dose ACTH stimulation. A sample size calculation was performed based on data from nephrectomies with or without adrenal-sparing (11) surgery. For left-sided donation, a mean plasma cortisol at 30 min after low-dose ACTH stimulation of 25 AE 8 lg/dL was assumed for postoperative day 1, compared to 35 AE 8 lg/dL after right-sided nephrectomy. An unequal allocation ratio of 2:1 (left:right) was chosen to maximize statistical power while making the study feasible in clinical practice. With a sample size of n = 20 leftsided donations and n = 10 right-sided donations, this difference would be detectable with a power of 87% using a significance level of 5%. All descriptive statistics are given as mean AE standard deviation unless stated otherwise. Statistical testing was performed using Student's unpaired t-test for intergroup comparisons and Student's paired t-test for intragroup comparisons between different time points. Statistical significance was set at 5% (0.05), but adjusted for multiple comparisons according to Bonferroni. Data analysis, statistical testing, and plotting were done with GraphPad Prism 7 (La Jolla, CA).
Results
Patient characteristics
A total of 30 healthy donors agreed to participate in the study (20 left-sided donations and 10 right-sided donations) between 2007 and 2014. Baseline demographics and clinical characteristics are shown in Table 1 . All leftsided donors underwent adrenal vein ligation during nephrectomy, whereas none of the right-sided donors did.
Complications were graded according to the ClavienDindo classification (12), and no major complications defined as grade III-V occurred. We are not aware of any patients developing chronic fatigue.
Effect of donor nephrectomy on renin and ACTH
Renin and ACTH are hormones that directly and indirectly affect hormonal release from the adrenal gland. To test whether nephrectomy leads to an upstream alteration of the renin-angiotensin-aldosterone system (RAS) or the ACTH-cortisol axis, plasma concentrations of renin and ACTH before living kidney donation and on postoperative day 1 were measured ( Figure 2 ). Both right-and leftsided nephrectomy led to a significant decrease of renin concentration (left: 19.5 AE 15.1 to 3.2 AE 3.8 mU/L; right: 17.6 AE 17.9 to 0.9 AE 2.1 mU/L), with no significant difference between groups. ACTH concentrations did not change significantly on day 1 after nephrectomy compared to the baseline (left: 20.8 AE 17.2 to 20.1 AE 8.4 pg/ mL; right: 20.1 AE 11.2 to 14.8 AE 9.7 pg/mL).
Effect of donor nephrectomy on intrinsic adrenal hormone secretion
To assess intrinsic cortisol secretion within its circadian rhythm, salivary cortisol was measured at four time points of the day. This assessment was performed before surgery, on postoperative day 2, and on postoperative day 27 ( Figure 3 ). As expected, at baseline both donor groups demonstrated an early morning cortisol peak at 7 AM, followed by gradual decline until 1 PM ( Figure 3A) . Interestingly, this pattern was disrupted on postoperative day 2 ( Figure 3B ) without significant differences between groups. The circadian rhythm was restored after 27 days ( Figure 3C ). Of note, aldosterone levels were not different between groups before surgery (left: 94.6 AE 45.2 pg/mL; right: 63.7 AE 33.7 pg/mL), but became undetectable in two thirds of donors after surgery (data not shown).
Adrenocortical responsiveness after donor nephrectomy Serum cortisol levels in response to low-dose ACTH stimulation provide a sensitive assessment of adrenocortical responsiveness. Before donor nephrectomy, such stimulation induced an increased cortisol secretion within 30 min (left: 240% AE 114%; right: 227% AE 89%) that did not differ between groups and gradually declined over the following hour ( Figure 4A ). On postoperative day 1 this response to stimulation was intact, but significantly lower after leftsided donor nephrectomy ( Figure 4B ). At 30 min mean levels of serum cortisol increased to 168% AE 32% of baseline after left-sided and 210% AE 41% after right-sided nephrectomy (p = 0.0057). After 28 days postnephrectomy, adrenal responsiveness to ACTH stimulation did not differ any longer ( Figure 4C ).
Change of adrenal volume after donor nephrectomy
To investigate whether the transection of the left adrenal vein during left-sided donor nephrectomy leads to any changes of the left adrenal volume, we performed MRI volumetry. Left-sided nephrectomy does not lead to a significant volume change of the left adrenal gland over 4 weeks ( Figure 5A ). Irrespective of the differences in venous anatomy, both adrenal glands' volume changes were very similar regardless of the side of nephrectomy ( Figures 5A and B) .
Discussion
This study addressed the question whether left-sided donor nephrectomy affects the left adrenal gland in terms of function and morphology. The study was prompted by our observation of isolated cases of chronic fatigue after kidney donation. Interestingly, since publication of the study protocol in the clinical trials registry, we were contacted by a number of kidney donors from several countries suffering from chronic fatigue and asking for results. As the main finding, we show a transiently reduced adrenocortical responsiveness after leftsided living kidney donation compared to right-sided donation while neither the ipsi-nor the contralateral adrenal gland exhibited a significant volume change over 4 weeks.
As part of the hypothalamus-pituitary-adrenal (HPA) axis, the adrenal glands play an important in bodily homeostasis. Mineralocorticoids and corticosteroids are produced by the adrenal cortex, and both could be affected by the impaired venous drainage after left-sided nephrectomy. Additionally, the levels of mineralocorticoids could be deranged by a disturbance of the RAS, due to a reduction of renin production after removal of one kidney. Donor nephrectomy led to a significant decrease of renin and to mostly undetectable aldosterone levels, independent of the side. This might be due to the loss of kidney mass, a physiological suppression caused by the perioperative infusion of fluids, a HPA stress response with a shift away from mineralocorticoids to glucocorticoids, or a combination of the three.
Cortisol is the main glucocorticoid of the adrenal gland and is involved in energy metabolism and stress response. Its basal secretion takes place in typical circadian rhythm (13) that we also observed in our donors preoperatively. Postoperatively, this circadian rhythmicity was disrupted, likely in response to operative stress and pain as previously described (14) . At 28 days after donor nephrectomy, the circadian rhythm had been restored. These effects on basal cortisol were independent of the side of nephrectomy. This is in line with the ACTH levels seen preoperatively and on day 1, which showed no significant effect in response to surgery. To detect a more subtle deficiency in cortisol secretion, we conducted low-dose ACTH stimulation testing before and after surgery. Indeed, on postoperative day 1 there was a significantly reduced response to stimulation after left-sided compared to right-sided nephrectomy, which was resolved after 28 days. Of note, all donors exceeded the clinically relevant threshold of 16 lL/dL of serum cortisol in response to stimulation. All of this can be interpreted as a transiently reduced adrenocortical responsiveness after left-sided compared to right-sided living kidney donation.
Interruption of venous outflow can lead to venous congestion and swelling, followed by tissue necrosis and volume decline. This led us to investigate the morphological reaction of the adrenal glands using MRI volumetry, expecting an initial volume increase followed by a volume decline after left-sided kidney donation. Surprisingly, we did not detect a significant volume alteration, neither after left-nor after right-sided nephrectomy. This could be due to limitations of MRI volumetry to detect small volume changes, or the left adrenal gland being able to rapidly compensate for the transection of its principal vein through collateral drainage, making no alteration detectable on day 4.
Low serum cortisol levels have been associated with chronic fatigue (9) , and chronic fatigue has been described after living kidney donation (3, 6) . However, these results from the first postoperative month do not support a cortisol-mediated cause for chronic fatigue after kidney donation, because the observed functional deficit was transient and only detectable in response to stimulation.
Although the first successful living donor kidney transplantation was performed more than 60 years ago (15) , to our knowledge this is the first study to investigate adrenal function and morphology in this setting. Despite the difference in venous drainage between the right and left adrenal gland, living kidney donation does not affect the renal gland volume and only transiently affects adrenal function after left-sided donation. It can, however, not be excluded that adrenal injury after left-sided donation manifests itself at a later point in time. Further studies would be needed to look at potential endocrinological causes for chronic fatigue after kidney donation.
